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ABSTRACT: microRNA-9 (miR-9) is highly 
expressed in the nervous system across species and plays 
essential roles in neurogenesis and axon growth; how- 
ever, little is known about the mechanisms that link miR- 
9 with dendrite growth. Using an in vivo model of Dro- 
sophila class I dendrite arborization (da) neurons, we 
show that miR-9a, a Drosophila homolog of mammalian 
miR-9, downregulates the cadherin protein Flamingo 
(Fmi) thereby attenuating dendrite development in a 
non-cell autonomous manner. In miR-9a knockout 
mutants, the dendrite length of a sensory neuron ddaE 
was significantly increased. Intriguingly, miR-9a is specif- 
ically expressed in epithelial cells but not in neurons, thus 
the expression of epithelial but not neuronal Fmi is 
greatly elevated in miR-9a mutants. In contrast, overex- 
pression of Fmi in the neuron resulted in a reduction in 
dendrite growth, suggesting that neuronal Fmi plays a 
suppressive role in dendrite growth, and that increased 


epithelial Fmi might promote dendrite growth by com- 
petitively binding to neuronal Fmi. Fmi has been pro- 
posed as a G protein-coupled receptor (GPCR), we find 
that neuronal G protein Gaq (Gq), but not Go, may func- 
tion downstream of Fmi to negatively regulate dendrite 
growth. Taken together, our results reveal a novel func- 
tion of miR-9a in dendrite morphogenesis. Moreover, we 
suggest that Gq might mediate the intercellular signal of 
Fmi in neurons to suppress dendrite growth. Our find- 
ings provide novel insights into the complex regulatory 
mechanisms of microRNAs in dendrite development, and 
further reveal the interplay between the different compo- 
nents of Fmi, functioning in cadherin adhesion and 
GPCR signalling. © 2015 Wiley Periodicals, Inc. Develop Neurobiol 
76: 225-237, 2016 
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INTRODUCTION 


Dendrites are vital structures in neurons for informa- 
tion sampling and processing. Numerous molecules, 
including cell surface receptors, signaling cascades, 
transcription factors, and cytoskeletal components, 
are known to regulate dendrite growth and patterning 
(Jan and Jan, 2010); however, a possible involvement 
of microRNAs (miRNAs) in dendrite morphogenesis 
remains to be elucidated. miRNAs are noncoding 
RNAs with approximately 21—23 nucleotides, which 
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posttranscriptionally repress target mRNAs by bind- 
ing to their 3’ untranslated regions (3’ UTR) 
(Ambros, 2001; Bartel, 2009). miRNAs play impor- 
tant roles in axonal devleopment (Vo et al., 2010; 
Iyengar et al., 2014), as well as spine formation and 
plasticity (Schratt et al., 2006; Wayman et al., 2008; 
Siegel et al., 2009; Lee et al., 2012; Jian et al., 2014); 
however, there are few studies on miRNAs function 
in dendrite growth. One study in cultured cortical and 
hippocampal neurons revealed that miR-132 is 
required for activity-dependent dendritic growth 
(Magill et al., 2010). One in vivo study on Drosophila 
sensory neurons reported that miRNA bantam (ban), 
which is expressed in epithelial cells, is involved in 
the regulation of dendrite scaling (Parrish et al., 
2009). Despite their importance in posttranscriptional 
regulation, the precise roles of miRNAs in dendrite 
development, together with the underlying 
mechanisms, have not been explored in great detail. 
Drosophila microRNA-9 (miR-9a) belongs to the 
miR-9 family of miRNAs, which is implicated in con- 
trolling the fundamental biological processes during 
neural development (Yuva-Aydemir et al., 2011). 
miR-9 was shown recently to define the neurogenic 
boundaries in Drosophila and zebrafish and to regu- 
late the proliferation, migration and differentiation of 
neural progenitor cells (NPCs) in vertebrates (Yuva- 
Aydemir et al., 2011). In Drosophila, miR-9a con- 
trols the accurate specification of NPCs by downre- 
gulating the transcription factor Senseless (Sens) in 
epithelial cells (Li et al., 2006). In the embryonic 
brain of zebrafish, miR-9 prevents cells in the brain 
region adjacent to midbrain-hindbrain boundary 
(MHB) from adopting the MHB fate through sup- 
pressing transcription factor her5 (Coolen et al., 
2012). During brain development of Xenopus, miR-9 
limits NPC proliferation through a transcriptional 
regulator of Hes family, namely hairy 1 (Bonev et al., 
2011). In postmitotic neurons, miR-9 has also been 
found to inhibit axon extension and branching by tar- 
geting Map1b, an important protein for microtubule 
stability in a mouse model (Dajas-Bailador et al., 
2012). However, the function of miR-9 in dendrite 
development has so far eluded identification. 
Drosophila Flamingo (Fmi, also known as stan) 
has three orthologs in mammals, named Cadherin 
EGF LAG Seven-pass G-type Receptor 1-3 (Celsr1- 
3), all belonging to an evolutionally conserved cad- 
herin superfamily, and possessing large ectodomains 
in N-terminal and transmembrane domain in C- 
terminal (Usui et al., 1999). In the nervous system of 
both flies and mammals, Fmi has been found to regu- 
late neurite morphogenesis (Gao et al., 2000; Shima 
et al., 2007). As cadherin domains mediate cell—cell 
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adhesion, Fmi is thought to be involved in axon navi- 
gation through homophilic adhesion between pioneer 
and follower axons in C. elegans (Steimel et al., 
2010). Similar to other seven-pass transmembrane 
domain proteins, Fmi was also proposed to function 
as a GPCR (Shima et al., 2007; Berger-Muller and 
Suzuki, 2011). However, the G protein coupled to 
Fmi/Celsr1-3 has not been identified to date. 

In this study, we set out to investigate the precise 
function of miR-9a in dendrite development, for 
which we used an in vivo model consisting of a Dro- 
sophila class I dendrite arborization (da) neuron, 
ddaE, together with its neighboring epithelial cells. 
Our data suggest that miR-9a is expressed in epithe- 
lial cells and not, however, in neurons, and therefore 
inhibits dendrite development in a non-cell autono- 
mous manner. Moreover, we found that Fmi was 
downregulated by miR-9a. We thus address whether 
the function of miR-9a in dendrite development is 
mediated by Fmi, and which function of Fmi, homo- 
philic adhesion or signal transduction, is required for 
dendrite growth. 


MATERIALS AND METHODS 


Fly Stocks 


All flies were maintained at 25°C. Fly strains of Gal4*7!, 
miR-9a°*?, miR-9a’?, and UAS-miR-9a were kindly pro- 
vided by Dr. Fen-Biao Gao (University of Massachusetts 
Medical School). miR-9a sensor was obtained from Eric C. 
Lai (Memorial Sloan Kettering Cancer Center). UAS- Fmi, 
UAS-FmiAN::EYFP and UAS-FmiAC::EYFP were from 
Dr. Tadashi Uemura (Kyoto University). UAS-Go°'? was 
from Dr. Andrew Tomlinson (Columbia University). 
Gal4°”° was from Dr. Michael J Galko (University of 
Texas MD Anderson Cancer Center). The following fly 
strains were purchased from the Bloomington stock center: 
fmi mutant stan’, UAS-Gq, UAS-Gq4°, UAS-Gq*"", 
UAS-fmi®™^. The following RNAi fly lines were from 
Vienna Drosophila RNAi Center: UAS-fz*"4', UAS- 
dsh®N“’ and UAS-Go"™’, UAS-vang*™“' was kindly pro- 
vided by Dr. Jian-Quan Ni (Tsinghua Fly Center, School of 
Medicine, Tsinghua University). 


Immunohistochemistry 


Immunohistochemistry was performed in embryos and on 
the body walls of third instar larvae according to standard 
protocols (Wu and Luo, 2006). Briefly, Embryos were col- 
lected and aged to the stages specified in the text. After 
dechorionation in 50% bleach, embryos were fixed in equal 
volumes of heptane and 4% formaldehyde in Phosphate 
Buffered Saline (PBS) at room temperatures (RT) for 40 
min. The devitellinized embryos were rinsed in methanol 


and then washed in 50% methanol/50% PBST and then in 
0.3% PBST. Fixed embryos were rinsed and blocked with 
5% normal goat serum for 1 h. Body walls of third instar 
larvae were gently dissected without being stretched or 
pressured, and then fixed with 4% paraformaldehyde (Elec- 
tron Microscopy Sciences) at RT for 40 min. Samples were 
incubated in primary and then secondary antibodies at 4°C 
overnight. Mouse monoclonal antibodies were from Devel- 
opmental Studies Hybridoma Bank (DSHB, University of 
Towa): Fmi (1:200), Fasciclin HI (fas, 1:500), 22C10 
(1:500). Secondary antibody was Alexa Fluor® 555 Don- 
key anti-mouse IgG (Invitrogen, 1:1000). 


Confocal Microscopy 


After immunostaining, samples were mounted with 
VECTASHIELD® mounting media (Vector Laboratories). 
Third instar larvae with class I sensory neurons labeled by 
Gal4??! | UAS-mGFP were rinsed in PBS, and then immo- 
bilized using a cover slip. All embryos were rotated to the 
anterior-left and dorsal-up. Confocal images were obtained 
with a Leica SPE or a SP5 II MP microscope. The surface 
and lower layers were scanned for epithelial and neuronal 
signals of Fmi and miR-9a sensor, respectively. Dendrite 
morphology was analyzed using NIS-Element D 3.0 soft- 
ware, and fluorescent intensities were measured using 
Image J (National Institutes of Health). 


Quantitative Real Time PCR (qRT-PCR) 


qRT-PCR was performed to determine fmi mRNA expres- 
sion levels. Briefly, total RNA was extracted from 5 third 
instar larvae with TRIzol® (Invitrogen). Reverse transcrip- 
tion was performed using 2 ug RNA per sample with Pri- 
meScript RT Master Mix (TaKaRa, Japan). qRT-PCR 
validation was performed using the Maxima® SYBR® 
Green qPCR Master Mix kit (CWBIO, China) according to 
the manufacturer’s instructions, in ABI Prism 7500 
Sequence Detection System (Applied Biosystems). The 
rp49 gene was used as an internal control (forward primer, 
3’-CCAAGGACTTCATCCGCCACC-5’; reverse primer, 
3’-GCGGGTGCGCTTGTT CGATCC-5’). For fmi, the for- 
ward primer was 3’-AATCCGGGCTTGATGGGAAG-S’, 
and the reverse primer was 3’-TCCCAGGACCAGTCGG- 
TATC-5’. Quantification of fmi expression was performed 
using the delta Ct method. 


Statistical Analysis 


The parameters for estimating the dendrite morphology of 
ddaE neuron were defined as following: (1) total length- 
PDs, the total length of the primary dendrites; (2) length of 
D-V, the dendritic coverage range at D-V direction; and (3) 
length of A-P, the dendritic coverage range at A-P direc- 
tion. For measurements of Fmi intensity, the fluorescent 
intensity in a 10.1 X 31 um? region covering all dorsal sen- 
sory neurons of a semisegment was quantified using Image 
J (National Institutes of Health). 
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Statistical analysis was performed using Student’s t-test 
and one-way analysis of variance (ANOVA), followed by a 
post hoc Tukey’s test as comparison. Quantification data 
are shown as mean values + s.e.m; * p < 0.05, ** p < 0.01, 
xxx 1 <0.001, and N.S. indicates that no significant 
changes were observed. 


RESULTS 


Epithelial miR-9a Regulates Dendrite 
Growth in a Non-Cell Autonomous 
Manner 


In Drosophila, miR-9a has been reported to play an 
important role in the specification of neuronal precur- 
sors (Li et al., 2006). In Drosophila sensory neuron 
ddaE, dendrites first elongate at dorsal-ventral (D-V) 
direction as the primary dendrites (PDs), and those at 
anterior-posterior (A-P) direction are second-order 
branches, sprouting from the side of the first-order 
branches (Sugimura et al., 2003). To investigate the 
function of miR-9a in dendrite development in post- 
mitotic neurons, we examined the dendrite morphol- 
ogy of ddaE neuron in miR-9a mutant at third instar 
larval stage. We calculated the length of dendrites in 
both D-V and A-P direction [Fig. 1(D)], and found 
that the coverage range of dendrites in D-V direction 
(length-DV) was significantly increased in two miR- 
9a mutants, miR-9a"3 A and miR-9a’~”, when com- 
pared to wild type flies. However, no changes were 
observed in the A-P direction [length-AP, Fig. 1(A- 
F)]. We then specifically measured the total length of 
two PDs [total length-PDs, Fig. 1(D)]; and consis- 
tently observed an increment in two miR-9a mutants 
[Fig. 1(G)]. The abnormal growth of primary den- 
drites in miR-9a mutants suggested that miR-9a plays 
an inhibitory role in dendrite growth. 

We next examined miR-9a expression using a miR- 
9a sensor approach, which contained two antisense 
target sites of miR-9a together with tub-GFP (Bejar- 
ano et al., 2010). We detected a strong GFP signal in 
the dorsal regions of stage 13—14 embryos [Fig. 1(H)], 
and most of the signals merged very well with the dor- 
sal cluster sensory neurons (stained with 22C10, red 
signal) [Fig. 1(H—J)], indicating the absence of miR-9a 
expression in these neurons. In contrast, little GFP sig- 
nal was detected in the epithelium (stained with fas 
IM, red signal) [Fig. 1(K—M)], indicating strong and 
extensive expression of miR-9a in epithelial cells. This 
expression pattern of miR-9a was in agreement with 
previous findings in early-stage embryos (Stark et al., 
2005; Li et al., 2006). Together with the overgrowth 
phenotypes of the dendrites in the miR-9a mutants, our 
results suggested that miR-9a has a non-cell autono- 
mous effect in regulating dendrite development. 
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Figure 1 miR-9a non-cell autonomously regulates dendrite outgrowth. A-C: A representative image 
of ddaE neuron in wild type w'™!S, miR-9a"?, and miR-9a’” mutant at third instar larva stage. D: 
The cartoon shows the dendrite morphology and the parameters quantified in corresponding panel. 
E-G: Quantitative analysis shows that both length-DV and total length-PDs of ddaE neurons in miR- 
9a mutants are significantly increased relative to wild type. The length-AP of the neurons remains 
unchanged. H-J: Expression of miR-9a is absent in neurons at embryonic stage 14. K-M: High 
expression of miR-9a in epithelial cells at embryonic stage 14. Scale bar, 50 um in A, 5 um in H. 
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com. ] 


miR-9a Indirectly Regulates Dendrite 
Growth via Epithelial Flamingo 


To investigate the downstream targets of miR-9a in 
dendrite growth, we performed sequence analysis 
and found a potential binding site for miR-9a in the 
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Z UTR of fmi (Supporting Information Fig. S1), 
suggesting that Fmi may be a downstream target of 
miR-9a. We thus examined the expression levels of 
Fmi in both epithelial cells and neurons of miR-9a 
mutants. Our analysis of miR-9a"*? mutants at 
embryonic stage 14 revealed a significant increase 
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Figure 2 Fmi functions as a target of miR-9a in dendrite outgrowth. A-E: miR-9a 


E39 mutants dis- 


play enhanced Fmi expression in epithelial cells (A, B, and E), but not in neurons (C-E). F: Quanti- 
tative analysis results show that overexpression of miR-9a in neurons (via elav-Gal4) and in 
epithelial cells (via Gal4°***) results in drastic reduction of Fmi expression. G: Both overexpression 
of miR-9a and downregulation of fmi in the epithelia restore the dendrite overgrowth phenotype in 
miR-9a mutants. Overexpression of Fmi in the epithelia results in an overgrowth phenotype. H-L: 
Overexpressing miR-9a or knockdown of fmi in the neurons by Gal4?7! results in increments of 
total length-PDs of ddaE neuron. Upregulation of Fmi in the neurons leads to a significant reduction 
in total length-PDs of ddaE neuron. Scale bar, 5 um in A, 50 um in I. [Color figure can be viewed 


in the online issue, which is available at wileyonlinelibrary.com. ] 


in Fmi expression, but intriguingly only in epithelial 
cells, but not in neurons [Fig. 2(A—E)]. To test 
whether Fmi was regulated by miR-9a, we ectopi- 
cally overexpressed miR-9a in neurons (via elav- 
Gal4) and overexpressed miR-9a in epithelial cells 
(via Gal4°??°), Remarkably, we detected a drastic 
reduction in Fmi expression in both cell types [Fig. 
2(F) and Supporting Information Fig. S2(A—D)], 
suggesting the suppressive role of miR-9a in Fmi 


expression. To verify the role of epithelial miR-9a 
in dendrite growth, we overexpressed miR-9a in the 
epithelia of miR-9a mutants, and found that the den- 
drite overgrowth phenotype was rescued [Fig. 2(G) 
and Supporting Information Fig. S2(F)]. To see if 
epithelial Fmi was responsible for the dendrite phe- 
notype in the neurons, we knocked down fmi in epi- 
thelial cells by RNA interference [Supporting 
Information Fig. S2(J,K)], which also rescued the 
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dendrite overgrowth phenotype observed in the 
miR-9a mutant [Fig. 2(G) and Supporting Informa- 
tion Fig. S2(G)]. Moreover, overexpressing Fmi in 
the epithelia [Supporting Information Fig. S2(I-K)] 
resembled the dendrite phenotype of ddaE neurons 
in miR-9a mutant [Fig. 2(G) and Supporting Infor- 
mation Fig. S2(H)]. Together, these findings sug- 
gested that Fmi is down-regulated by miR-9a, a 
process which may mediate miR-9a function in con- 
trolling dendrite growth. 


Epithelial and Neuronal Fmi Perform 
Opposite Functions in Dendrite Growth 


Flamingo/Celsr belongs to the atypical cadherin 
superfamily (Usui et al., 1999). Homophilic binding 
of Fmi through its cadherin domains at dendroden- 
dritic interfaces triggers avoidance between dendri- 
tic terminals (Kimura et al., 2006). To test whether 
the overgrowth phenotype in miR-9a mutants was 
due to enhanced homophilic binding between epi- 
thelial and neuronal Fmi, we overexpressed Fmi in 
the neurons, and found a significant reduction in 
total length-PDs and length-DV [Fig. 2(H-L) and 
Supporting Information Fig. S3(A)]. Notably, 
enhanced Fmi expression in epithelial miR-9a 
mutants resulted in dendrite overgrowth, whereas 
upregulation of Fmi in the neurons led to decreased 
dendrite length. Moreover, knocking-down fmi or 
expressing miR-9a in ddaE neurons by Gal4**! 
both resulted in dendrite overgrowth phenotype 
characterized by increased total length-PDs [Fig. 
2(J-L)] and length-DV [Supporting Information 
Fig. S3(A)]. Thus, we speculated that neuronal Fmi 
negatively regulated dendrite growth, while exces- 
sive epithelial Fmi in miR-9a mutants competitively 
interfered with the function of neuronal Fmi 
through homophilic binding. 

To investigate the posttranscriptional regulation 
of miR-9a in Fmi expression and thus its involve- 
ment in dendrite growth, we then used a homozy- 
gous viable fmi mutant stan?” with an insertion 
just before its 3°UTR (Thibault et al., 2004), 
which displayed reduced Fmi expression in both 
neurons and epithelia [Fig. 3;A—G) and Supporting 
Information Fig. S2(L)]. We generated the double 
mutant of stan?” miR-9a? * in which the levels 
of Fmi protein as examined by immunofluores- 
cence and fmi mRNA as examined by qRT-PCR 
were similar to that of stan!” [Fig. 3(A-G) and 
Supporting Information Fig. S2(L)]. Therefore, our 
results indicated that following the disruption of 
Z UTR in this mutant, fmi expression is no longer 
suppressed by miR-9a. 
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In addition, we found in the stan”??? mutant, that 
primary dendrites of ddaE neurons were significantly 
increased [Fig. 3(J,M)], which could be fully rescued 
by neuron-specifically expressing Fmi in a stan???” 
mutant background [Fig. 3(K,M)] and Supporting 
Information Fig. S3(B)]. Furthermore, in the 
stan’. miR-9a"°? mutant, dendrite growth was 
increased to similar levels observed in either of the 
two mutants [Fig. 3(H—M) and Supporting Informa- 
tion Fig. $3(B)]. Together, these results supported 
our hypothesis that neuronal Fmi plays a dominant 
role in dendrite growth, and that miR-9a regulates 
dendrite growth through controlling epithelial Fmi 
expression, thereby allowing the proper functioning 
of neuronal Fmi. 


PCP Pathway Is not Required 
for Fmi-Mediated Dendrite Growth 


Fmi is a core molecular in the planar cell polarity 
(PCP) pathway (Usui et al., 1999; Shimada et al., 
2001; Strutt, 2002). To investigate whether PCP path- 
way is involved in Fmi-mediated dendrite growth, we 
knocked down frizzled (fz) in class I dorsal sensory 
neurons by RNA interference (RNAi). Our results 
showed that lack of fz had no effect on the total 
length-PDs or length-DV of ddaE neurons [Fig. 4(A— 
E)]. Similarly, both length-DV and total length-PDs 
of ddaE neuron in Dishevelled*™ (Dsh®™”’) and Van 
Gogh®N” (Vang®®“') larvae remained normal [Fig. 
4(A-E) and Supporting Information Fig. S3(C)], sug- 
gesting that Dsh and Vang did not affect dendrite 
growth. In addition, we found that neither overex- 
pression nor knockdown Gao (Go), a known Fz- 
coupled G protein, had any effect on dendrite growth 
[Fig. 4(F-H) and Supporting Information Fig. 
S3(D)]. Together, these results suggest that the PCP 
pathway is not required for Fmi-mediated dendrite 
growth. 


Both Cadherin Repeats and Cytoplasmic 
Tail Are Required for Fmi-Mediated 
Dendrite Growth 


Both N-terminal cadherin repeats (N-cadherin) and 
cytoplasmic tail (C-tail) of Fmi have been sug- 
gested earlier to play an important role in dendrite 
patterning by structure and functional analyses 
(Kimura et al., 2006; Shima et al., 2007). As FmiAC 
lacks the intracellular C-tail of Fmi; whereas 
FmiAN lacks conserved extracellular motifs of Fmi, 
we thus used them to explore the functions of N- 
cadherin and C-tail during dendrite growth (Kimura 
et al., 2006). Overexpression of Fmi in the neurons 
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resulted in a visible reduction in both total length of 
PDs [Fig. 2(1,L)] and length-DV [Supporting Infor- 
mation Fig. S3(A)]. In contrast, expressing FmiAN 
(lacking the extracellular motifs) or FmiAC (lack- 
ing the intracellular C-tail) in the neurons had no 
effect on dendrite growth [Supporting Information 
Fig. S4(A-E)], suggesting that full-length sequence 
of Fmi are required for its normal function in den- 
drite development. The causal relationship between 


Fmi expression level and dendrite length of ddaE 
neuron is summarized in Table 1. 


Gq Is Involved in Fmi-Mediated Dendrite 
Growth 


Fmi has been proposed to function as a GPCR, and 
our result that Fmi lacking its C-tail had no effect on 
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Figure 4 PCP pathway and Go are dispensable for Fmi-dependent dendrite growth. A-E: Knock- 
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dendrite growth also supported this hypothesis. The 
Drosophila heterotrimeric G protein Gaq (Gq), 
encoded by Ga49B gene, plays predominant roles in 
phototransduction of photoreceptors via activation of 
PLC and extracellular Ca?* influx (Hardie et al., 
2002). In addition, Gq has been found to modulate 
growth cone guidance (Ratnaparkhi et al., 2002). To 
investigate the effect of Gq on dendrite growth, we 
manipulated Gq levels in class I dorsal sensory neu- 
rons by overexpressing or knockingdown Gq. We 
found that upregulation of Gq inhibited dendrite 
growth, shown by a significant reduction in total 
length-PDs [Fig. 5(C,F)] and length-DV of ddaE 
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neuron [Supporting Information Fig. S3(E)]. When 
constitutively activating Gq by overexpressing a con- 
stitutively activated form Gq‘“ in neurons, the den- 
drite length of ddaE neurons significantly decreased, 
almost losing their general morphology [Supporting 
Information Fig. S5(A—D)]. In contrast, neuronal 
knockdown of Gq by Gq*%*’ promoted dendrite 
growth of ddaE neuron [Fig. 5(B,F) and Supporting 
Information Fig. S3(E)], suggesting that Gq, similar 
to Fmi, negatively regulates the dendrite growth of 
ddaE neurons. 

The similar functions of Fmi and Gq in dendrite 
development led us to investigate whether Gq was 
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Table 1 The Causal Relationship Between Fmi-Gq Signal and Dendrite Length of the ddaE Neuron 


Fmi Expression 


Genotypes Epithelium 


Neuron 


Total Length of 
Primary Dendrites 


Neuronal 
Fmi-Gq Signal 


miR-9a"? T 
Gal4??!smiR-9a 
miR-9a"™? ; Gal4°??°>miR-9a - 
miR-9a"*? ; Gal4 > fmi ^^ - 
Gal4°?°>Fmi t 
Gal4??! > fini® NA! f 
Gal4??!sFmi z 
Gal4??!>FmiAN z 
Gal4??!>FmiAC z 
St an” VAU 

stan?” ; miR-9a®?° 
stan” ; Gal4??! >Fmi 
Gal4??!>Gq™“ 7 
Gal4??'!>Gq - 
stan”. Gal4??! >G As 
stan” 0207. Gal4??! >Gq 
miR-9a"*?, Gal >GG“ 
miR-9a"*?, Gal4”*!>Gq 


= ())* 


t —— a 
4 


“x” represents speculation, without direct experimental evidence. 
“-,” represents no change. 


the downstream target of Fmi, either by Gq knock- 
down or overexpression Gq in a stan®°” mutant 
background. Genetic interaction results revealed that 
neuronal knockdown of Gq in a stan”? back- 
ground resulted in no additional changes in total 
length-PDs [Fig. 5(D,F)] or length-DV of ddaE neu- 
ron [Supporting Information Fig. S3(E)], supporting 
the idea that Fmi and Gq were part of the same sig- 
naling pathway involved in dendrite development. 
Furthermore, the increases in both total length-PDs 
and length-DV in the stan” mutant were recov- 
ered to the level of wild type by overexpressing Gq 
in the neuron [Fig. 5(E,F) and Supporting Informa- 
tion Fig.S3(E)], suggesting that Gq is the functional 
downstream molecule of Fmi in dendrite 
development. 

To further analyze whether Gq was a regulatory 
factor downstream of miR-9a during dendrite growth, 
we performed the same genetic interaction experi- 
ment in a miR-9a mutant background. Our results 
showed that mutating miR-9a and neuronal knock- 
down of Gq resulted in similar dendrite overgrowth 
effects. Also, knockdown of Gq in the neurons of a 
miR-9a"*? mutant background did not enhance this 
effect [Fig. 5(G—I) and Supporting Information Fig. 
$3(F)]. In contrast, neuronal overexpression of Gq in 
a miR-9a"*? mutant background significantly sup- 
pressed dendrites overgrowth in miR-9a"*? mutant 


[Fig. 5(G—I) and Supporting Information Fig. S3(F)]. 
Together, our results suggested that Gq might medi- 
ate the intercellular signal of Fmi in neurons to sup- 
press dendrite growth. The causal relationship 
between the intensity of Fmi-Gq signal and dendrite 
length of ddaE neuron is summarized in Table 1. 


DISCUSSION 


In this study, we show that miR-9a down-regulates 
Fmi in epithelial cells, thereby regulating dendrite 
growth in a non-cell autonomous manner. We further 
show that this intercellular regulation is mediated by 
the inhibitory function of neuronal Fmi on dendrite 
growth and potential competing binding function of 
epithelial Fmi. Moreover, our results suggest that neu- 
ronal G protein Gq, but not Go, may function down- 
stream of Fmi to negatively regulate dendrite growth. 
miR-9 is a conserved and nervous system-enriched 
miRNA, with diverse and context-dependent func- 
tions during development (Yuva-Aydemir et al., 
2011). Specifically, during Drosophila neurogenesis, 
miR-9a down-regulates Sens in epithelia, thereby 
suppressing the neuronal fate and regulating the spec- 
ification of NPCs (Li et al., 2006). Here, we report 
that miR-9a is also absent in postmitotic sensory neu- 
rons in Drosophila embryos but regulates dendrite 
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Figure 5 Gq is involved in Fmi-mediated dendrite growth. A-B and F: Knockdown of Gq in the 
neurons significantly increases the total length-PDs of the ddaE neuron. C and F: Upregulation of 
Gq in neurons inhibits total length-PDs of the ddaE neuron. D and F: Knockdown of Gq in a 
stan”??? background has no further effects on total length-PDs of the ddaE neuron. E and F: Over- 
expression of Gq in a stan’ background reduces the total length-PDs of the ddaE neuron to 


3. 


wild type levels. G and I: Knocking-down Gq ina miR-9a"*? background has no effect on the total 
length-PDs of the ddaE neuron. H-I: Upregulation of Gq in a miR-9a"*? background reduces the 
total length-PDs of the ddaE neuron. Scale bar, 50 um in A. [Color figure can be viewed in the 
online issue, which is available at wileyonlinelibrary.com. ] 


growth in a non-cell autonomous manner. A similar 
phenomenon was reported for the Drosophila 
miRNA ban, which is also expressed in epithelia 
cells and non-cell autonomously controls the dendrite 
scaling of class IV sensory neurons (Parrish et al., 
2009). However, the direct target of ban in this regu- 
lation has not been identified. Here, we reveal that 
miR-9a represses the epithelial expression of Fmi, 
which regulates dendrite development through cross- 
talking to neuronal Fmi (Fig. 6). 
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Cadherin repeats in Fmi N-terminal have been 
reported to play a role in dendrite morphogenesis 
through homophilic binding (Kimura et al., 2006). 
However, its precise regulatory mechanisms 
remained unclear. In this study, we showed that over- 
expression of Fmi in epithelial cells and neurons 
results in opposite phenotypes in dendrite growth. 
Based on our observations, we propose that neuronal 
Fmi plays a suppressive role in dendrite growth, 
whereas epithelial Fmi has a positive effect by 
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Figure 6 Model of Fmi signaling for different genetic background. In flies of Gal4*?!>FmiAN and 


Gal4?*!>FmiAC background, neuronal Fmi signals remain unchanged compared to wild type w 


fe 


leaving the lengths of dendrites in ddaE neurons unaffected. In miR-9a"*?, stan?”?7, Gala 


21 


>fmi®, and Gal4??!'>Gq" background, Fmi signals in neurons are decreased and the lengths of 


dendrites of ddaE neuron are increased. In Gal4**!>UAS- Fmi and Gal4**!>UAS-Gq background, 
Fmi signals in neurons are upregulated and the lengths of dendrites of ddaE neuron are reduced. [Color 
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com. ] 


competing with neuronal Fmi through homophilic 
cadherin binding (Fig. 6). As a seven-pass transmem- 
brane protein, Fmi shares high similarity with G- 
protein-coupled receptors and is thought to transduct 
intracellular signal and function as a receptor (Shima 
et al., 2007; Berger-Muller and Suzuki, 2011). Our 
finding that neuronal expression of Fmi lacking either 
the N- or the C-terminal did not affect dendrite 
growth, supports the hypothesis that both extracellu- 
lar activation and intracellular signal transduction of 
Fmi are required for suppression of dendrite growth. 
Fmi is a core component of the PCP pathway, and 
has been suggested to be a co-receptor of Fz (Usui 
et al., 1999). Nevertheless, knockdown of other mem- 
bers in this pathway, such as fz, vang, and dsh, did 
not affect dendrite growth. Similar phenomena have 
been found in the investigation of axon path-finding 
in photoreceptors (Gao et al., 2000). It has been 
reported that G-protein Go is activated by Fz (Mal- 
bon, 2004; Wang and Malbon, 2004). However, we 
found that, like Fz, Go is not required for dendrite 
growth either. These findings suggest that Fmi 


regulates dendrite growth independently of the PCP 
pathway. 

In Drosophila, a splice variant of Gq, dgqa3, func- 
tions as a component of the Robo and Frazzled sig- 
naling pathways and regulates axonal path-finding 
(Ratnaparkhi et al., 2002). We found that similar to 
neuronal Fmi, heterotrimeric G proteins Gq sup- 
pressed dendrite growth. Further genetic interactions 
indicated a pivotal role of Gq in mediating Fmi- 
dependent intracellular signaling pathways, suggest- 
ing that Gq is the G-protein that is coupled to Fmi, 
thus mediating the repressive function on dendrite 
growth. 

Dendrites of ddaE neurons emerge and elongate 
along the D-V axis earlier than those in A-P direc- 
tion (Sugimura et al., 2003). In addition, we found 
that Fmi expression decreased in the neuron at the 
later embryonic stages (data not shown). There- 
fore, miR-9a function in dendrite growth might be 
of greater importance in early developmental 
stages. This might be the reason that the over- 
growth phenotype in the miR-9a mutant is only 
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found in the D-V, not, however, in the A-P direc- 
tion. During Drosophila development, dendrites of 
sensory neurons exhibit a proportional enlargement 
of the dendrite arbor to catch up with body growth 
as a whole (Parrish et al., 2009). Our results sug- 
gest that the homophilic binding between epithelial 
and neuronal Fmi allows the crosstalk between 
these two cell types. We thus proposed that the 
miR-9a\Fmi\Gaq axis may serve as a novel regula- 
tory pathway to control dendrite growth of ddaE 
neurons to grow along with epithelia cells and 
achieve proper occupation. 

In conclusion, we report a novel function of miR- 
9a, which non-cell autonomously regulates dendrite 
growth in postmitotic neurons by negatively regulat- 
ing epithelial Fmi and thereby crosstalking to neuro- 
nal Fmi. Our results imply that Gq is a candidate G 
protein coupled to Fmi, thereby mediating the sup- 
pressive role of Fmi signaling in dendrite growth. 
Together, our findings provide novel insights into the 
complex regulatory mechanisms of microRNAs in 
dendrite development, and further reveal the inter- 
play between the different roles of Fmi functioning 
as cadherin and GPCR. 


The authors are grateful to all the participants and those 
kindly provide fly strains in this study. 
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